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The amyloid hypothesis of Alzheimer’s disease (AD) postulates that
amyloid-� (A�) deposition and neurotoxicity play a causative role
in AD; oxidative injury is thought to be central in the pathogenesis.
An endogenous defense system against oxidative stress is induced
by binding of the transcription factor nuclear factor E2-related
factor 2 (Nrf2) to the antioxidant response element (ARE) enhancer
sequence. The Nrf2-ARE pathway is activated in response to
reactive oxygen species to trigger the simultaneous expression of
numerous protective enzymes and scavengers. To exploit the
Nrf2-ARE pathway therapeutically, we delivered Nrf2 bilaterally
into the hippocampus of 9-month-old transgenic AD mice (APP/PS1
mice) using a lentiviral vector encoding human Nrf2. The data
indicate that significant reductions in spatial learning deficits of
aged APP/PS1 mice in a Morris Water Maze can be achieved by
modulating levels of Nrf2 in the brain. Memory improvement in
APP/PS1 mice after Nrf2 transduction shifts the balance between
soluble and insoluble A� toward an insoluble A� pool without
concomitant change in total brain A� burden. Nrf2 gene transfer is
associated with a robust reduction in astrocytic but not microglial
activation and induction of Nrf2 target gene heme oxygenase 1,
indicating overall activation of the Nrf2-ARE pathway in hippocam-
pal neurons 6 months after injection. Results warrant further
exploration of the Nrf2-ARE pathway for treatment of AD and
suggest that the Nrf2-ARE pathway may represent a potential
therapeutic strategy to pursue in AD in humans, particularly in
view of the multiple mechanisms by which Nrf2 can exert its
protective effects.

amyloid-beta � astrocyte � heme oxygenase-1 � microglia � oxidative stress

A lzheimer’s disease (AD) is a common age-associated de-
mentia featuring progressive loss of neurons and synapses,

gliosis, and the accumulation of intra- and extracellular protein
deposits. The amyloid hypothesis of AD postulates that amy-
loid-� (A�) deposition and neurotoxicity play a causative role in
AD (1). Although the mechanisms through which A� exerts its
toxicity are numerous (2) and have not yet been fully elucidated,
it seems that oxidative injury is central in the pathogenesis, even
before the appearance of amyloid deposits (3, 4). The connection
between AD and oxidative stress is apparent; A� itself produces
oxidative injury, prooxidants increase A� production, and in AD
brains the levels of expression and activities of several antioxi-
dant enzymes are altered concomitantly with an increase in the
appearance of markers of oxidative stress (5–7).

An endogenous defense system against oxidative stress is
induced by binding of the transcription factor nuclear factor
E2-related factor 2 (Nrf2) to the antioxidant response element
(ARE) enhancer sequence (8–10). The Nrf2-ARE pathway is
activated in response to reactive oxygen species and electrophilic
agents to trigger the simultaneous expression of numerous
protective enzymes and scavengers (11, 12). An essential step in
the activation of the Nrf2-ARE pathway is the liberation of Nrf2

from the cytosolic repressor Keap1 (13), by means of which Nrf2
escapes proteasomal degradation and translocates to the nucleus
to activate the expression of cytoprotective genes.

The potential role of the Nrf2-ARE pathway as a therapeutic
target in AD is supported by the fact that Nrf2 levels are reduced
in the hippocampus of AD patients (14). Moreover, in transgenic
AD mice expressing mutated human amyloid precursor protein
(APP) and presenilin 1 (PS1) genes (APP/PS1 mice), the
Nrf2-ARE pathway is attenuated at the time of A� deposition
(15). Importantly, Nrf2 overexpression in vitro protects against
neurotoxicity of A� and is associated with increased expression
of Nrf2 target genes and reduced oxidative stress (15, 16). In
addition, it has been shown that curcumin and pyrrolidine
dithiocarbamate, electrophilic compounds endowed with the
capability to induce Nrf2, alleviate cognitive defects in trans-
genic animals modeling AD (17).

To exploit the Nrf2-ARE pathway therapeutically, we deliv-
ered Nrf2 directly to the hippocampus of APP/PS1 mice using a
lentiviral vector encoding human Nrf2 (LV-Nrf2). Gene transfer
of Nrf2 results in efficient and sustained Nrf2 expression in the
hippocampus and improved spatial learning and memory of
APP/PS1 mice. Our data demonstrate that intracerebral gene
delivery of a molecule combating oxidative stress delays learning
deficits in APP/PS1 mice, thus encouraging further exploration
of the Nrf2-ARE pathway for the treatment of AD.

Results
Lentivirus-Mediated Expression of GFP and Nrf2 in the Hippocampus.
To investigate the efficiency and stability of our lentivirus-
mediated transfer, we first analyzed the pattern of hippocampal
GFP fluorescence in mice 6 months after GFP gene delivery.
APP/PS1 and their WT littermates were administered the
lentivirus vector encoding GFP (LV-GFP) or LV-Nrf2 bilater-
ally into the hippocampus at the age of 9 months and subse-
quently killed for analysis at the age of 15 months. In APP/PS1
mice administered LV-GFP, the GFP fluorescence was localized
prominently at the injection site, at the dentate gyrus of the
hippocampus (supporting information (SI) Fig. S1). Both cell
bodies and mossy fibers projecting to the CA3 area were
intensely labeled. In addition, GFP fluorescence was observed in
the processes of CA3 pyramidal cells as well as granule and
possibly some basket cells of the dentate gyrus. Staining of brain
sections from GFP-injected mice with neuronal markers micro-
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tubule-associated protein-2 (Map-2) (Fig. 1A) and neuronal
nuclei (NeuN) (Fig. 1B) revealed that neurons were the primary
cell type transduced by the viral vector. There were no GFP-
positive astrocytes or microglia, as assessed by immunostaining
for glial fibrillary acidic protein (GFAP) (Fig. 1C) and CD45
(Fig. 1D), respectively. To determine whether lentiviral trans-
duction of hippocampal neurons results in adverse cell loss or
toxicity, we stained brain sections from some noninjected ani-

mals and all injection groups with neuronal marker NeuN and
quantitatively assessed the immunoreactivity in the hippocam-
pus (Fig. S2.) There was no histological evidence of neuronal
injury in the hippocampus, indicating that there was negligible
cytotoxicity caused by the lentiviral vector or the injection itself.

Increased Nrf2 Levels in the Hippocampus of Nrf2-Injected APP/PS1
Mice. We next investigated the mRNA expression level of human
Nrf2 in the hippocampus of mice injected with the Nrf2-carrying
lentiviral vector 6 months after injection. Human Nrf2 mRNA
was readily detectable in APP/PS1 and WT mice injected with
the vector. Interestingly, the expression level of human Nrf2 was
2.8 times higher in APP/PS1 animals than in the WT controls
(Fig. S1). There was no detectable level of human Nrf2 in the
GFP-injected mice. In addition, the mRNA levels of mouse Nrf2
and Keap1 were not altered due to injection of human Nrf2 into
the hippocampus (Fig. S1 and Fig. S3). The activation of Nrf2 in
nuclear and cytosolic fractions isolated from hippocampi was
assessed by Nrf2 ELISA. The isolated nuclear fractions were
positive for nuclear marker lamin B1 (Fig. S4). There was a slight
increase in the amount of activated Nrf2 in the nuclear fractions
of Nrf2-injected mice when compared with GFP-injected mice
(mean OD 450 nm � SEM; 0.375 � 0.013 in Nrf2-treated vs.
0.328 � 0.012 in GFP-treated, P � 0.05). A more prominent
increase was evident in the cytosolic fractions (0.201 � 0.004 in
Nrf2-treated vs. 0.151 � 0.003 in GFP-treated, P � 0.001).

Neuronal HO-1 Expression Is Increased in Nrf2-Injected Mice. Heme
oxygenase-1 (HO-1), one of the target genes of Nrf2, is up-
regulated in neurons after adenoviral transduction of Nrf2 in
vitro (15). To investigate whether this potentially protective
enzyme is also up-regulated in vivo after lentivirus-mediated
gene transfer of Nrf2, we first analyzed the pattern of HO-1
immunoreactivity in the hippocampi of injected mice. As shown
in Fig. 2A, a number of intensely stained HO-1 immunoreactive
cells were localized primarily to the hilus of the dentate gyrus,
the area of transgene injection. Importantly, these HO-1 immu-
noreactive cells were only seen in mice injected with the lentiviral

Fig. 1. Neurons are the primary cell type transduced by the LV-GFP vector.
Confocal microscope images from brain sections of mice injected with LV-GFP
stained with neuronal markers Map-2 (A) and NeuN (B) and glial markers GFAP
(C) CD45 (D) 6 months after injection. Arrows point to colocalization of GFP
fluorescence with cell-specific markers. (Scale bar, 50 �m.)

Fig. 2. LV-Nrf2 increases neuronal HO-1 expression 6 months after gene transfer. (A) Representative photomicrograph of HO-1 immunoreactivity in a brain
section of a mouse injected with LV-Nrf2. Intense HO-1 staining is localized to the region of transgene injection. (Scale bar, 100 �m.) (B) Representative
photomicrograph of a brain section from a LV-Nrf2-injected mouse, double labeled by HO-1 (in blue) and NeuN (in red). Neurons are the primary HO-1-positive
cell type. Arrows point to overlaid staining with the two antibodies. (Scale bar, 50 �m.) (C) Representative photomicrograph of HO-1 immunoreactivity in a brain
section of a mouse injected with LV-GFP. (Scale bar, 100 �m.) (D) Increased mRNA expression of HO-1 in hippocampus of mice administered LV-Nrf2. HO-1 mRNA
level is expressed as mean fold change normalized to ribosomal RNA �SEM (2-way ANOVA; ***, P � 0.001; n � 6 for WT-GFP and WT-Nrf2, n � 3 for APP/PS1-GFP,
n � 5 for APP/PS1-Nrf2).
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vector carrying Nrf2, not in the GFP-injected animals (Fig. 2C,
Table S1). When 3–6 sections per hippocampus were quantified,
60.5% of all Nrf2-injected animals displayed HO-1 immunore-
active cells in the injection area. Double staining for HO-1 and
the neuronal and glial markers NeuN, CD45, and GFAP was
carried out to determine the cell type where HO-1 level was
up-regulated. Double staining revealed that neurons were the
primary cell type where HO-1 expression was increased after
Nrf2 injection (Fig. 2B). There were no GFAP or CD45 -positive
HO-1 expressing cells in the hippocampus (Fig. S5). Next, we
analyzed the hippocampal HO-1 mRNA level by quantitative
RT-PCR (Fig. 2D). HO-1 expression was elevated in Nrf2-
injected WT and APP/PS1 mice when compared with GFP-
injected mice. The HO-1 mRNA level increased �2-fold with
LV-Nrf2 treatment. There was no difference in the mRNA
expression level of HO-1 when LV-GFP-injected WT mice were
compared with APP/PS1 mice (relative mRNA expression level
of 119.2 � 67.8 for WT and 54.5 � 4.3 for APP/PS1). Taken
together, these results indicate that Nrf2 gene transfer is con-
comitant with an increase in the level of HO-1 in both WT and
APP/PS1 mice.

Gene Delivery of Human Nrf2 Alleviates Learning Deficits in APP/PS1
Mice. To investigate whether Nrf2 gene transfer reduces learning
and memory impairment in APP/PS1 mice, human Nrf2 lenti-
virus was bilaterally injected into the hippocampus at the age of
9 months when full-blown amyloid plaque pathology had already
developed. Spatial learning was tested at the age of 15 months
in the Morris Water Maze (MWM). As illustrated in Fig. 3A, the
task acquisition in WT mice had a rapid initial learning phase
(days 1 and 2) and a slow late phase (days 3–5). In the initial
phase, the APP/PS1 mice were inferior to WT littermates in
terms of the number of successful trials (Fig. 3A) escape latency
(Fig. 3B) and tendency to swim close to the wall (Fig. 3C). They
also swam more slowly (P � 0.01). Notably, however, the escape
latency (F1,63 � 0.11, P � 0.74) in the very first trial did not differ
between the genotypes, excluding some motivational or motor
deficit behind the inferior performance of APP/PS1 mice during
the initial phase. In the late learning phase, the difference in
swimming speed disappeared, but the learning deficit persisted.
Nrf2 gene transfer had different effects on the genotypes
depending on the task phase, as indicated by significant vector
by genotype interactions (early phase: successful trials, P � 0.05;
late phase: successful trials, P � 0.001; escape latency, P � 0.05;
thigmotaxis, P � 0.05). In the initial phase, the LV-Nrf2 treated
WT group outperformed the GFP-injected mice in terms of
successful trials (Fig. 3A), but no significant difference was found
between the APP/PS1 groups. By contrast, Nrf2 gene transfer
did not affect the late learning phase in WT mice, but improved
the performance of APP/PS1 mice in all measures of learning
(successful trials, escape latency and thigmotaxis, P � 0.05 in all;
Fig. 3 A–C).

Nrf2 Gene Delivery Reduces Diffuse A� Burden in APP/PS1 Mice. To
establish whether expression of human Nrf2 via lentiviral vectors
could alter brain A� burden in APP/PS1 mice, we assessed the
hippocampal A� level by ELISA, pan-A� and Thioflavin-S
staining. Quantitative immunohistochemical data showed no
difference between GFP-injected and Nrf2-injected APP/PS1
mice in the hippocampal pan-A� (total) immunoreactivity (Fig.
4A). When sections were analyzed with Thioflavin-S staining, it
was evident that Nrf2 injection caused a slight increase in the
amount of insoluble A� (Fig. 4B). Although we were unable to
demonstrate significant changes in soluble or insoluble fractions
of A�1–40 or A�1–42 by ELISA in LV-Nrf2-injected mice,
there was a 30% reduction in the mean values of soluble A�1–40
and A�1–42 in the hippocampus (Table S2). Collectively, these
findings suggest that the LV-Nrf2 injection in APP/PS1 mice has

a tendency to shift the balance between soluble and insoluble A�
toward the insoluble A� pool, thereby possibly reducing the
levels of toxic soluble A� peptides.

LV-Nrf2 Treatment Reduces Astrocytosis. To investigate whether
Nrf2 gene transfer has antiinflammatory effects by reduction of
gliosis, we assessed astrocytosis using glial fibrillary acidic pro-

Fig. 3. Gene delivery of Nrf2 alleviates learning deficits in APP/PS1 mice. (A)
In the initial learning phase (days 1 and 2), APP/PS1 mice were inferior to WT
littermates in number of successful trials (F1,63 � 10.7, P � 0.002) and per-
formed less well in the late learning phase (days 3–5) (successful trials, P �
0.001). In the initial phase, the WT-Nrf2 group outperformed the GFP-injected
mice in terms of successful trials (P � 0.03). Nrf2 gene transfer did not affect
the late learning phase in WT mice but improved the number of successful
trials of APP/PS1 mice (P � 0.02). (B) APP/PS1 mice were inferior to WT
littermates in escape latency (P � 0.02 on days 1 and 2, P � 0.006 on days 3–5).
Nrf2 gene transfer improved the escape latency of APP/PS1 mice in the late
learning phase (P � 0.02). (C) APP/PS1 mice were inferior to WT littermates in
tendency to swim close to the wall (thigmotaxis; P � 0.001). Nrf2 gene transfer
reduced thigmotaxis of APP/PS1 mice in the late learning phase (P � 0.02).
Data were analyzed by using ANOVA for repeated measures.
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tein (GFAP) as an astrocytic marker (Fig. 5) and microgliosis
using CD45 as a microglial marker (Fig. S6). As described
previously, there was a clear increase in the amount of both
astrogliosis and microgliosis in APP/PS1 mouse brain when
compared with WT mouse brain (18). LV-Nrf2 treatment
effectively attenuated the increase in GFAP immunoreactivity in
the hippocampus of both WT and APP/PS1 mice (Fig. 5 A and
B). Morphologically, it appeared that in Nrf2-injected mice,
there was a reduction in thick, GFAP-positive processes in the
area of transgene injection (Fig. S7). Overall, the GFAP immu-
noreactivity was reduced by 53% with Nrf2 injection in APP/PS1
mice. Although we were unable to demonstrate a significant
change in GFAP mRNA level, in agreement with histological
data, Nrf2 injection reduced the GFAP level by 52% in WT mice
(Fig. S7). Nrf2 injection, however, did not alter the CD45

immunoreactivity in either APP/PS1 or WT hippocampus (Fig.
S6). Correspondingly, the mRNA expression levels of tumor
necrosis factor-� (TNF-�) and interleukin 1� (IL-1�) were
elevated in APP/PS1 animals, yet were unaltered by LV-Nrf2
(TNF-� expression level normalized to ribosomal RNA: 708.8 �
158.4 in WT vs. 2123.3 � 611.2 in TG; IL-1� expression 515.2 �
107.9 in WT vs. 988.1 � 241.6 in TG).

Discussion
The present study demonstrated that direct intrahippocampal
gene delivery of Nrf2, a transcription factor central to the
activation of an endogenous protective pathway combating
oxidative stress, results in a reduction in spatial learning deficits
in aged APP/PS1 mice. This study shows a beneficial behavioral
outcome in APP/PS1 mice after gene transfer of a transcription
factor. This behavioral improvement was seen when a lentiviral
vector was used to deliver the Nrf2 gene into the hippocampus,
an area of the brain directly affected by AD. Importantly, the
gene delivery led to neuronal expression in the hippocampus
lasting for at least 6 months, thus indicating the sustained nature
of Nrf2 activation. The transgene expression was not only limited
to neurons at the injection site but was diffusely distributed
throughout the entire dentate gyrus and CA3 area with no
histological evidence of neuronal injury. It is considered that the
beneficial effect of Nrf2 induction in the central nervous system
is based on the actions of astrocytes (19, 20), however, our study
demonstrates that reductions in spatial learning deficits of aged
APP/PS1 mice can be achieved by modulating levels of Nrf2
specifically in neurons.

Nrf2 has a relatively rapid turnover (half-life �20 min), and
its activity is regulated by the repressor protein Keap1, which
targets Nrf2 for proteosomal degradation (21, 22). Analysis of
both the expression level of Nrf2 mRNA and the activation of
Nrf2 in nuclear and cytosolic fractions isolated from hippocam-
pus revealed a potent up-regulation after LV-Nrf2 treatment.
The fact that abundant Nrf2 is present both in nucleus and
cytoplasm suggests that the transduced cells possess an excess of
Nrf2, which most likely saturates Keap1 and leads to the
accumulation of Nrf2 in the nucleus with resulting induction of
cytoprotective gene expression. This suggestion is supported by
the finding that Keap1 expression levels were unaltered by
transduction with lenti-Nrf2. In fact, the expression of HO-1, a
cytoprotective enzyme involved in degradation of prooxidant
heme to antioxidant bile pigments (23), was found to be induced
in the area of transgene injection. We saw an increase in HO-1
immunoreactivity in a subpopulation of cells localized near the
injection site that colocalized with the neuronal marker NeuN.
Importantly, HO-1-positive neurons were found in animals
treated with LV-Nrf2 regardless of genotype, but none were
found in the animals treated with the control vector. This finding
is in line with previous studies showing that HO-1 levels in the
brain are controlled and up-regulated by Nrf2 activation (15). It
is unlikely that the Nrf2-induced reduction in learning and
memory deficits in APP/PS1 mice was mediated by increased
HO-1 expression (24); rather, the induced HO-1 expression
should be taken as an indication of complete activation of the
Nrf2-ARE pathway in hippocampal neurons after Nrf2 gene
transfer to WT and APP/PS1 mice.

Although we discovered an increased expression of GFP and
hNrf2 mRNAs in APP/PS1 mice compared with WT mice 6
months after gene transfer, the levels of HO-1 mRNA and
protein expression were similar in both mice. We did not detect
evident differences in the extent or distribution of GFP expres-
sion between WT and APP/PS1 mice, even though we cannot
exclude the possibility that the copy number of the transduced
genes per cell may for some reason be higher in APP/PS1 mice
in comparison with WT mice. Whereas the reason for differen-
tial hNrf2 mRNA expression between APP/PS1 and WT mice

Fig. 4. LV-Nrf2 modifies A� burden. (A) Quantification of pan-A�-
immunostained brain sections from APP/PS1 mice 6 months after injection of
LV-GFP (n � 7) or LV-Nrf2 (n � 8). (B) Quantification of Thioflavin-S stained
brain sections from APP/PS1 mice after injection of LV-GFP (n � 6) or LV-Nrf2
(n � 6) (Independent samples t test; *, P � 0.05). Data are presented as the
percentage of area occupied by A� immunoreactivity, and values represent
means �SEM.

Fig. 5. APP/PS1 mice exhibit elevated astrogliosis that is attenuated by
LV-Nrf2 treatment. (A) Representative photomicrographs of astrocytic GFAP
immunostaining in hippocampus of mice injected with LV-GFP or LV-Nrf2.
(Scale bar, 200 �m.) (B) APP/PS1 mice exhibit elevated amounts of GFAP
immunoreactivity. Astrocytosis is reduced 2-fold by LV-Nrf2 treatment. GFAP
immunoreactivity is expressed as percentage of area occupied by the staining
and is represented as means �SEM (2-way ANOVA; ***, P � 0.001; n � 5 for
TG-Nrf2 and n � 6 for WT-GFP, WT-Nrf2, and TG-GFP).
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remains unknown, the results show that the hippocampi of WT
and APP/PS1 mice had comparable expression of HO-1 gene
and protein, indicating that overall activation of the Nrf2-ARE
pathway may be similarly extensive in both WT and APP/PS1
mice.

Memory improvement in APP/PS1 mice after Nrf2 transduc-
tion occurred with a slight, concomitant increase in brain A�
plaque burden, and this increase was associated with a 30%
reduction in soluble forms of A�1–40 and A�1–42. Although the
changes observed in soluble A� were statistically insignificant,
the A� ELISA together with Thioflavin-S staining results sug-
gest that gene delivery of Nrf2 into the hippocampus may result
in a reduced shift of A� toward soluble forms. Whether such a
mild change is sufficient to explain the improved cognitive
functions of APP/PS1 mice remains unclear. The effect of Nrf2
is most likely not based on A� clearance by glial cells, because
the total amount of brain A� was not reduced. This idea is
further corroborated with findings that astrogliosis was reduced
in Nrf2-injected mice, and microgliosis was unaltered in GFP-
and Nrf2-injected mice, suggesting no clear changes in microglial
activation. Because a slight hint for improved performance of
Nrf2-treated WT mice was seen in the MWM, overexpression of
Nrf2 in hippocampal neurons could also be beneficial in aged
WT mice.

The fact that we did not observe a reduction in microgliosis
concomitant with improved spatial learning and memory indi-
cates that microglia-mediated inflammation or A� clearance
may not be involved in the reduction of spatial learning deficits
induced by Nrf2 gene transfer to 9-month-old APP/PS1 mice.
This finding is of interest as microglial functions are closely
related to oxidative stress (25) and thereby potentially to the
Nrf2-ARE pathway (26). Recent reports on the use nonsteroidal
antiinflammatory drugs (NSAIDs) (27–29), especially the evi-
dence that the NSAIDs capable of directly modulating �-secre-
tase activity seem to prevent or slow the onset of AD (27, 28)
supports the conclusion that even though possible A� clearance
by activated microglia may be beneficial, microglial activation in
terms of released proinflammatory molecules may not have a
crucial role in AD pathology and memory deficits. In contrast,
astrocyte activation was robustly reduced by Nrf2 treatment;
GFAP immunoreactivity was reduced by �50% in both WT and
APP/PS1 mice. LV-Nrf2 treatment also appeared to alter as-
trocyte morphology, as thick GFAP-immunoreactive processes
were less frequently seen in Nrf2-injected animals. The mech-
anism by which increased Nrf2 expression in neurons results in
reduced GFAP immunoreactivity, a marker of astrocytosis, is
unclear. Nrf2 regulates a number of cytokines and growth factors
that affect astroglial functions, including those involved in
astroglial proliferation. For example, transforming growth factor
�1 (TGF-�1) is a Nrf2-regulated cytokine that reduces prolif-
eration of astrocytes (30–33). It is thus possible that increased
neuronal Nrf2 expression may result in synthesis and release of
proteins that eventually reduce astrogliosis during the 6-month
follow-up time. In addition, our results show that astrogliosis may
in addition or instead be a consequence of altered neuronal
function.

In summary, our data indicate that significant reductions in
spatial learning deficits of aged APP/PS1 mice can be achieved
by modulating levels of Nrf2 in the brain. This may represent a
potential therapeutic strategy to pursue in AD in humans,
particularly in view of the multiple mechanisms by which Nrf2
can exert its protective effects. In the future, the use of inducible
promoters may provide control of gene expression required for
time- and location-specific therapeutic treatment strategies. In
addition, as more is understood about the biochemical pathways
that regulate Nrf2, the more likely it is that specific inducers of
the Nrf2-pathway are targeted for therapeutic benefit in neu-
rodegenerative diseases.

Materials and Methods
Animals. The transgenic APP/PS1 mice modeling AD were created by coinjec-
tion of chimeric mouse/human APP695 harboring the Swedish mutation and
human PS1-dE9 vectors (34). The mice were back-crossed to C57BL/6J mice for
11 generations to create APdE9 mice in C57BL/6J background. WT siblings
were used as controls. All mice used in this study were male. All animal work
was approved by the State Provincial Office of Eastern Finland and performed
according to the guidelines of the National Institutes of Health for animal
care.

Viral Vectors. For lentiviral gene transfer, enhanced GFP- (35) and Nrf2-
expressing lentiviruses under the control of human phosphoglycerate kinase
promoter were used. LV-Nrf2 was cloned by digesting Nrf2 from pCI-Nrf2 (36)
with NheI and SalI and then half-blunt ligating it into the BamHI-SalI site of the
LV-GFP, displacing GFP. The lentiviruses were produced and titrated as de-
scribed (37). The lentiviral vectors coding for GFP were used as a control.

Intracerebral Administration of Viral Vectors. At the age of 9 months, when A�

deposits are readily detected in the brain, APP/PS1 mice and their WT litter-
mates were anesthetized with isoflurane and placed in a stereotactic frame
(model 940; David Kopf). Before injections, lentiviral vectors were diluted with
sterile PBS (pH 7.4) to achieve a titer of 1.71 � 109. Viral preparations in 2-�L
volume were injected bilaterally into the dentate gyrus region of the hip-
pocampus by using the following coordinates: �3.2 mm medial/lateral, �2.7
mm anterior/posterior, �2.7 mm dorsal/ventral from the bregma. The prep-
aration was injected with a speed of 0.5 �L/min over a period of 4 min by using
a Hamilton 5-�L syringe and a 27 G needle. Before waking, mice received 0.05
mg/kg of buprenorfine s.c. (Temgesic 0.3 mg/mL) and were allowed to recover
in a heated chamber.

Behavioral Testing. The effect of gene transfer on spatial learning and memory
was assessed by MWM at the age of 15 months. The 5-day testing protocol
used has been described in detail previously (18). Briefly, mice had 1 day of
pretraining to climb the escape platform in a closed alley after which they
underwent a 5-day testing phase with a submerged platform (10 � 10 cm) in
a circular black pool (diameter 120 cm) filled with water. During the proce-
dure, the platform location was kept constant, and the starting points were
varied between four constant locations on the pool rim. The acquisition phase
(days 1–4) consisted of five trials in which the mice had a maximum of 60 s to
find the platform, followed by a 10-s rest time on the platform after each trial.
On the fifth day, the trial duration was reduced to 40 s, and for the last trial,
the platform was removed to determine the search bias. Throughout the
experiment, the mice had at least 1-min resting time between trials in a
warmed cage. The time to find the platform and the length of the swim path
were monitored and recorded semiautomatically by a tracking system con-
nected to an image analyzer (HVS Image).

Histochemistry. Six months after vector injection, mice were deeply anesthe-
tized with avertin and transcardially perfused with heparinized saline. After
dissection, the left hemisphere was immersion-fixed in paraformaldehyde for
21 h. After cryoprotection, the hemisphere was frozen in liquid nitrogen and
cut in 20-�m cryosections with an interval of 400 �m. The right hemisphere
was dissected into hippocampal and cortical samples and either snap-frozen
in liquid nitrogen or used freshly for measurement of Nrf2 A� levels by ELISA.
Activation and proliferation of astrocytes and microglia were assessed after
immunostaining with GFAP (1:500; DakoCytomation) and CD45 (1:100; Sero-
tec), respectively. Immunostaining for NeuN (1:200; Chemicon International)
and Map-2 (1:100; Chemicon International) were carried out to assess the
possible neurotoxicity of the gene transfer. Brain sections from noninjected
mice were used as controls. Human A� was detected with pan-A� antibody
(1:300; BioSource). The Alexa Fluor 568-cojugated secondary antibody for the
above-mentioned stainings was obtained from Invitrogen (1:200). The HO-1
antibody was obtained from Stressgen (1:1,000). Primary antibody binding
was visualized either by using an Alexa Fluor 568-conjugated secondary
antibody (1:200; Invitrogen) or by biotinylated secondary antibodies (1:200;
Vector Laboratories), avidin–biotin complex, and by using nickel-enhanced
diaminobenzidine (Ni-DAB; Sigma–Aldrich) or NovaRED (Vector Laboratories)
as substrate. Brain sections from APP/PS1 animals were stained with fresh,
filtered, aqueous 1% Thioflavin-S. The hippocampal area from three to six
sections in 400-�m intervals throughout the hemisphere was evaluated per
animal. For quantification of the immunoreactive areas, the sections were
imaged with an Olympus AX70 microscope equipped with a digital camera
(Color View 12 or F-view; SoftImaging Systems) or a confocal microscope
(BioRad Radiance Laser Scanning Systems 2100; Bio-Rad Microscience) running
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LaserSharp 2000 software (Bio-Rad Microscience). The immunoreactive area
was quantified by using ImagePro Plus software (Media Cybernetics). Data are
expressed as the area of hippocampi occupied by immunoreactivity and
represented as the mean percentage � SEM.

Quantitative Real-Time PCR. One microgram of total RNA was used for cDNA
synthesis using random hexamer primers (Promega) and M-MuLV reverse
transcriptase (New England Biolabs). The relative expression levels of mRNA
encoding human Nrf2, mouse Nrf2, Keap1, HO-1, GFAP, TNF-�, and IL-1� were
measured according to manufacturer’s protocol by quantitative RT-PCR (ABI
PRISM 7700 Sequence detector; Applied Biosystems) by using specific assays-
on-demand (Applied Biosystems) target mixes. The expression levels were
normalized to ribosomal RNA and presented as fold change in the expression
�SEM.

Nuclear Fractionation and Western Blot Analysis. Nuclear fractions were iso-
lated from fresh hippocampal tissue according to Ogita et al. (38). To ensure
the purity of the isolated nuclear fractions, proteins were separated on 10%
SDS/PAGE gels with Mini Protean III apparatus (Bio-Rad) and transferred to
PVDF membrane (GE Healthcare) using Mini Transblot Electrophoretic Trans-
fer Cell Equipment (Bio-Rad). The membrane was incubated overnight with
rabbit anti-lamin B1 (Abcam), HRP-conjugated Ig anti-rabbit at 1:3,000 (GE
Healthcare) for 2 h, and developed by using enhanced chemiluminescence

(ECL� kit; GE Healthcare). The membrane was visualized by using Storm 860
Fluoroimager (GE Healthcare).

A� and Nrf2 ELISA. The levels of A�1–40 and A�1–42 were analyzed by ELISA from
freshly frozen hippocampal samples. For detection of A� levels, the homog-
enized hippocampi were centrifuged for 1 h at 48,000 � g at 4 °C, and the
supernatant was taken for the analysis of soluble A� species, whereas the
remaining pellet was suspended in 5 M guanidine-HCl/50 mM Tris�HCl, pH 8.0.
The levels of A�1–40 and A�1–42 were quantified by using Signal Select Beta
Amyloid ELISA kits (Biosource International) according to manufacturer’s
protocol. The level of total A�1–40 and A�1–42 was standardized to tissue
weight and expressed as nanograms of A� per gram �SEM. The level of Nrf2
was quantified from freshly isolated nuclear and cytosolic fractions (38) by
using a TransAM Nrf2 ELISA kit according to manufacturer’s instructions
(Active Motif). The protein concentration of isolated fractions was measured
by the Bio-Rad protein assay before analysis by ELISA. The Nrf2 level is
expressed as OD450 nm �SEM.

Statistical Analysis. The data were analyzed by using t test or ANOVA in SPSS
software, and statistical significance was assumed if P � 0.05.
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